Precise stoichiometry of genome-length transcripts and alternatively spliced mRNAs is a hallmark of retroviruses. We discovered short, guanosine and adenosine sequence motifs in the 5 untranslated region of several retroviruses and ascertained the reasons for their conservation using a representative lentivirus and genetically simpler retrovirus. We conducted site-directed mutagenesis of the GA-motifs in HIV molecular clones and observed steep replication delays in T-cells. Quantitative RNA analyses demonstrate the GA-motifs are necessary to retain unspliced viral transcripts from alternative splicing. Mutagenesis of the GA-motifs in a C-type retrovirus validate the similar downregulation of unspliced transcripts and virion structural protein. The evidence from cell-based co-precipitation studies shows the GA-motifs in the 5 untranslated region confer binding by SFPQ/PSF, a protein co-regulated with T-cell activation. Diminished SFPQ/PSF or mutation of either GA-motif attenuates the replication of HIV. The interaction of SFPQ/PSF with both GA-motifs is crucial for maintaining the stoichiometry of the viral transcripts and does not affect packaging of HIV RNA. Our results demonstrate the conserved GA-motifs direct the fate of retrovirus RNA. These findings have exposed an RNA-based molecular target to attenuate retrovirus replication.
INTRODUCTION
An RNA polymer of 9000 bases contains within it the genetic instructions to produce retroviruses that cause a range of consequences from cancer and AIDS to cellular transduction without harm. Executing these instructions requires expression of alternatively spliced transcripts and stoichiometric amounts of the unspliced 9 kb RNA. This means different populations of the 9 kb RNA experience, or subvert, the processes of intron removal and nuclear retention (1, 2) . While activation of unspliced RNA is a fundamental property of Retroviridae, whether conserved viral sequences and cognate RNA-binding protein are responsible remains an open issue.
During transcription, nascent transcripts become decorated with splicing commitment factors that direct the assembly of spliceosomes and heteronuclear (hn) ribonucleoproteins (RNPs), some of which contain nuclear retention signals and are released as a result of splicing or during nuclear export (3) . Otherwise, pre-mRNAs are retained in the nucleus (3) . Retroviruses exhibit a fragile balance between unspliced transcripts and their spliced isoforms (4) . Even slight perturbations in this balance can attenuate viral replication by several orders of magnitude (56). The introduction of mutations that favor spliced isoforms can severely attenuate retroviral replication (7) . Furthermore, positive selection maintains nonconsensus sequences of 5 and 3 splice sites (8) . Experiments by Katz and Skalka established that activating-mutations in the splice sites of avian sarcomaleukosis virus (ASLV) severely attenuate replication (6, 7) . Replicating virus reemerged after long-term passage of infected cell cultures, suggesting that second-site mutations can restore the natural ratio of spliced to unspliced RNA isoforms (6, 7) .
Clustered in the 5 untranslated region (UTR) of retrovirus unspliced RNA, overlapping cis-acting RNA elements govern early and late events in viral replication (1) . Beginning in the 1980s, scientists discovered the ability to genetically engineer retroviral 5 UTR elements and create retroviral vectors (9) (10) (11) . By deleting significant portions of the leader RNA, virion structural proteins could be expressed in trans (12, 13) . In contrast, fusing these leader sequences to transgenes of interest generated a retroviral vector RNA susceptible to replication by helper virus proteins (14) . Henceforth, empirical studies defined the sequences necessary for the dimerization and packaging of retroviral vector RNA, which typically overlap the 5 splice site (5 ss) (15) (16) (17) .
These pioneering studies occurred before scientists discovered that retroviruses require a precise balance of unspliced and alternatively spliced transcripts to generate infectious virions (4) . This discovery began with the observation that avian reticuloendotheliosis virus strains vary in transforming titer due to the amount of pre-mRNA that was processed to sub-genomic mRNA (5, 18) . Then, 5'intron sequences were identified that suppressed the amount of sub-genomic transcript and significantly bolstered infectious titer (5) (6) (7) 15) . Only decades later, molecular studies demonstrated that the activity of the spliceosome dispatches nuclear retention signals in pre-mRNA that otherwise guard against nuclear export and translation of immature mRNA (3) . To fully understand retroviral replication and the molecular mechanisms these viruses use to subvert cellular post-transcriptional regulation, we must first precisely define the conserved viral sequences and cognate trans-acting factors necessary to retain pre-mRNAs in balance with spliced isoforms.
During the course of generating hybrid retroviral vectors, we noticed remarkably similar sequence patterns flanking the 5 ss of both simple and more complex retroviruses (19) (20) (21) . We postulated that these sequence patterns have a vital role in viral gene regulation because their position is exclusive to the unspliced viral transcript. Here, we demonstrate that similar primary sequence motifs on both sides of the 5 ss are conserved in simple and more complex retroviruses and evaluate their activity in two representative retroviruses. We show that GA-motifs in the 5 UTR of HIV and spleen necrosis virus (SNV) are necessary to regulate retention of unspliced viral transcript and for interaction with SFPQ/PSF, a splicing regulatory protein that is conserved amongst the host species for these retroviruses.
MATERIALS AND METHODS

Evolutionary analysis of HIV group M major subtypes
HIV group M 5 UTR RNA sequences (+1-338) were obtained from the Los Alamos HIV Database (www.lanl.gov) and filtered based on the following inclusion criteria: (i) subtypes with must have greater than 10 published sequences; (ii) only one sequence was used per patient; (iii) sequences for which both the splice site and gag start codon were present (no insertions/deletions); (iv) no hypermutated sequences. These criteria resulted in 393 included sequences belonging to subtypes A1, B, C, D, circulating recombinant form (CRF)01-AE and CRF02-AG (alignment available from the authors upon request). HIV NL4-3 reference sequence was included in the analysis of subtype B sequences. Please see the Supplementary Methods for details of tree reconstruction and analysis.
Plasmid subcloning and mutagenesis
Derivatives of the spleen necrosis virus (SNV) proviral clone pPB101 were generated by PCR-based site-directed mutagenesis on sub-genomic template DNAs, followed by ligation into reporter or provirus plasmids. Using AseI and SmaI restriction sites in pEGFP-N1 (Clonetech), SNV provirus sequence 1 to 2475 (5 LTR and gag) was ligated in-frame with enhanced green fluorescent protein (eGFP). SNV pol and env from pPB101 (nt 4788-6900) containing the env splice acceptor were ligated at the unique HpaI site between gfp and the polyadenylation signal. 5 UTR mutations were introduced on AseI/SalI digested PCR products of SNV U3 (nt 1-398) from pYW205 (22) . To create pSNV 300, pSNV WT was digested with KpnI and EclXI and ligated with a KpnI-ClaI-EclXI linker. RU5 generated by PCR was ligated into the KpnI site to generate pSNV 300+Rescue. All site-directed mutagenesis used the QuikChange protocol (Agilent Technologies, La Jolla, CA, USA) with mismatched oligonucleotides that are provided in the Supplementary Methods. All constructions were confirmed by restriction mapping and DNA sequence analysis. To harvest virions, culture supernatant fractions were collected through 0.2 m filters and placed in 13 ml ultracentrifugation tubes containing 2 ml 20% sucrose and centrifuged at 35 000 rpm for 2 h in SW41 rotor (Beckman Coulter). The supernates were removed from the tubes, and then virion-associated RNA was prepared by TRIzol extraction, followed by RT-qPCR. HIV cDNA-specific primers were used as described by Wong et al. (23) . All oligonucleotide sequences are provided in the Supplementary Methods.
Virus propagation, infection, and virion isolation
The plasmids were transfected to HEK293 cells for 4-6 h, medium was exchanged, and cells were cultured for 24-36 h. Jurkat cells or MT-4 lymphocytes (5 × 10 5 cells in 0.5 ml RPMI) freshly seeded in 12-well plates and were incubated with cell-free medium containing equivalent numbers of virions determined using a Gag enzyme-linked immunosorbent assay (ELISA). Culture plates were centrifuged at 2300 rpm for 2 h at room temperature. The cells were washed twice with RPMI medium and maintained at 37
• C. Culture supernatants fractions were collected every 48 h and reverse transcriptase (RT) activity was determined using PicoGreen reagent according to manufacturer's instructions (Life Technologies) and using standard curve generated on recombinant RT enzyme (Worthington Biochemical Corporation).
Transfections, protein analyses, recombinant protein purification and RNA electrophoretic mobility shift assays Please see the Supplementary Methods.
RESULTS
Invariant purine residues on both sides of the 5 splice site are necessary for viral replication
When we compared the 5 UTR sequences from seven reference strains of Retroviridae available in GenBank, we noticed two clusters of GA-rich nucleotides (Supplementary Figure S1 ) were apparent in the context of otherwise different primary sequences. Phylogenetic comparisons of HIV NL4-3 , SNV, simian immunodeficiency virus (SIV), human T-cell leukemia virus type 1 (HTLV-1), bovine Branches are scaled in nucleotide substitutions per site (scale along the bottom) and colored/labeled according to subtype. *Gray circles indicate posterior probability >90% for subtype-specific clades. (C) Genomic map of the GA-motifs described in this study and corresponding site-specific substitution distributions across branches of the HIV 5'UTR evolutionary tree. Sequence conservation (percent identity) and specific nucleotide substitutions, as well as their location along internal (light blue) or terminal (gray) branches, are indicated. Asterisks indicate deviation of ancestral nucleotide (common ancestor for all analyzed sequences) from HIV NL4-3 sequence. The sequence logo demonstrates significant conservation within the phylogeny, and the relative height of the boxed line represents nucleotide frequency (44) . leukemia virus (BLV), Moloney murine leukemia virus (MMLV), and Rous sarcoma virus (RSV) predicted the several positions in these primary sequences have identical nucleotide composition, and the sequence 'GGAG' was present in every 5 UTR ( Figure 1A) . Notably, the two GAmotifs vary in orientation and spacing relative to the major 5 ss (Supplementary Figure S1) .
We performed phylogenetic analysis of 393 unique sequences of HIV group M patient isolates downloaded from the Los Alamos database. We uncovered two clusters of nearly invariant guanosine and adenosines that flank the major 5 ss (average of >95% identity). The resolved quartet tree reconstruction documented insignificant levels of substitution saturation, and a positive correlation between sequence divergence and sample collection time ( Figure 1B) . Albeit rare, variations occurred primarily between adenosine and guanosine (G-to-A or A-to-G substitutions) and almost exclusively along external branches. Such mutations are typically characterized as transient polymorphisms and are rapidly cleared from the population due to purifying selection.
To evaluate activity associated with the similar GA-rich sequences conserved between retroviruses, we used the results from the phylogenetic analyses above as a guide to direct site-directed mutagenesis of HIV molecular clones and clones of another representative retrovirus. As summarized in Figure 1C , HIV GA#1 was conserved in five of seven residues of the motif. The fourth (G224) and seventh (A227) positions allowed some substitution flexibility, as cytosine and uridine substitutions were inferred along internal branches. Therefore, we excluded these sites as options for site-directed mutagenesis. Alternatively, the second (A222) and fifth (A225) positions were completely conserved, with substitutions absent from both external and internal branches. The sixth position (G226) only experienced a substitution to adenosine along external branches. Thus, the phylogenetic analysis revealed that the second, fifth and sixth positions were the best candidates for genetic analysis.
GA#2 was also under significant constraint. Whereas more of the sites experienced guanosine to adenosine or adenosine to guanosine substitutions, internal branch substitutions were not detected for sites within this motif, implicating critical importance to activity. Again, we chose positions within this motif for mutagenesis based on level of conservation: positions two (G328) and three (G329), which only experienced substitutions to adenosine, and position four (A330), which was slightly more flexible, experiencing substitutions to both cytosine and guanosine. We chose uridine to replace A330 because we did not observe uridine at this position in any of the 393 patient isolates, in contrast to cytosine and guanosine substitutions, which we observed along external branches. To evaluate a posited role in virus growth, we introduced the substitutions to the 5 UTR of HIV NL4-3 in molecular clones designated mGA#1, mGA#2 and mGA#1,2 ( Figure 2A ).
To propagate virus, we transfected these molecular clones into HEK293 cells. We collected cell-free medium containing viruses for use in infectivity assays on Jurkat Tcells. Jurkat cells were infected by spinoculation for 2 h, washed twice, and cultured for 21 days. At 2-day intervals, medium was collected from each sample, replenished with fresh RPMI medium, and virus in cell-free supernates were measured by RT assays. We detected infection of WT by Day 6, which peaked at Day 10, in three replicate experiments ( Figure 2B ). In the same time-frame, we could not observe infection by mGA#1,2 or the individual motif mu- tants (mGA#1 and mGA#2) ( Figure 2B ). Comparable to the heat-inactivated WT virus, the mGA clones exhibit undetectable growth for up to 18 days ( Figure 2B ). We speculated that this resurgence is attributable to second-site mutations, based on previous studies that observed positive selection for molecular clones mutated around the 5 ss (7, 17, 24) .
In summary, the substitution of three guanosine or adenosine residues in either GA#1 or GA#2 is sufficient to significantly attenuate HIV replication. These mutations may reduce the quantity and quality of virions by: (a) altering cellular post-transcriptional processing of the HIV primary RNA early on, which is necessary and critical to synthesize the components of virions; (b) interfering with the structural conformation of the HIV 5 UTR crucial to late events in replication or (c) corrupting early and late events in replication. Hence, we designed experiments to investigate early and late replication events in the retroviral lifecycle. Given the sequence conservation observed in the retroviruses, we posited the GA-motifs may underlay a common molecular basis for activation of the retrovirus genome-length RNA.
The guanosine and adenosine motifs flanking the 5 splice site activate intron retention
Because the conserved guanosine and adenosine residues flank the 5 ss, 5' intron removal eliminates the second motif (mGA#2) (Figure 2A) . Hence, the GA-motifs are present solely in unspliced (US) HIV RNA that encodes the virion structural proteins and genomic RNA, and are not present in the singly or multiply spliced transcripts (SS, MS, respectively). We hypothesized the GA-motifs contribute to activating the US RNA and evaluated HIV post-transcriptional expression. We isolated steady-state RNA from transfected cells and performed RT and qPCR assays. HIV genespecific primers distinguished US RNA (gag) from the SS (vpr-env) and MS (tat) transcripts and copies of US, SS, and MS HIV transcripts in the same cDNA samples were determined using standard curves generated on HIV cDNA.
With the WT virus, the population of US transcripts was significantly greater than the populations of SS or MS transcripts ( Figure 3A ). In contrast, mGA#1,2, mGA#1 and mGA#2 viruses had US transcript levels that were lower than the spliced transcripts ( Figure 3A ). These data were statistically significant as determined from five independent experiments (Supplementary Table S1 ). On the other hand, the total number of HIV transcripts was not significantly different between the molecular clones (Supplementary Table S1). We concluded the GA-motif mutations downregulate the population of HIV pre-mRNA retaining introns.
Next, we performed Gag ELISAs on cell-free and cellassociated lysates from the transfected cells. As expected, Gag production from WT virus was significantly different from that of mGA#1,2, mGA#1 or mGA#2 ( Figure  3B ). We observed similar results in the cell-free and cellassociated samples, indicating virion release was not impaired ( Figure 3B ). We observed similarity between the levels of Gag protein and gag (US) RNA, suggesting that the mutations affected early events in cellular posttranscriptional processing of the HIV primary RNA that are critical to synthesize components of virions. Because this deficiency was insufficient to account for the severe viral replication defect on T-cells ( Figure 2B ), we posited interference in late events in replication may be attributable to deficient US RNA packaging into virions.
We proceeded to measure the number of US RNA copies in equivalent virion preparations using the RT-qPCR. HEK293 cells were transfected with HIV NL4-3 or GA mutants. After 24 h, the cell-free supernatant fractions were collected and filtered, and Gag was quantified by ELISA ( Figure 3B ). Samples containing equivalent amounts of Gag were centrifuged on 20% sucrose to collect virions and extract RNA for RT-qPCR. The virion-associated US RNA copies were determined and normalized to the cellassociated copies. We found conclusively that US RNA copies are packaged into equivalent WT virions, whereas the number of US RNA copies packaged into mGA#1,2, mGA#1 or mGA#2 virions was reduced by at least 5-fold ( Figure 3C ). These results demonstrate the critical importance of the guanosine-adenosine sequences to effective viral RNA packaging. Our results here recapitulate previously published mutagenesis of guanosine residues overlapping those in GA#2. These studies showed deficient dimerization and genomic RNA packaging (17) . Because Figure 3 . The GA-motifs regulate retention of unspliced HIV RNA, thereby activating virion production and infectivity. HEK293 cells were transfected with mGA#1, mGA#2, mGA#1,2 or WT and at 24 h, cell lysates and cell-free medium were harvested and HIV RNA and Gag protein content were measured. The bar graphs present the mean ± standard error of five independent experiments and the small circles indicate the range of precise values from the individual experiments. Bar colors indicate molecular clones: blue, WT; magenta, mGA#1; orange, mGA#2; green, mGA1,2. **P ≤ 0.005, ***P ≤ 0.001. (A) RNAs were extracted in TRIzol and equivalent amounts were treated ± RT. Validated cDNA samples were determined to be free of plasmid contamination. Each cDNA was subjected to qPCR with primers specific to unspliced (US), singly spliced (SS), or multiply spliced (MS) HIV transcripts, as indicated on the x-axis. Copy numbers were calculated relative to standard curves generated using HIV cDNA. (B) Gag production was measured using ELISA on cell lysates and cell-free medium (n = 5). (C) Equivalent Gag containing cell-free medium was layered over 2 ml of 20% sucrose and virions were collected by centrifugation. Virion RNA was extracted using TRIzol and subjected to RT-qPCR using primers specific to US HIV RNA and the virion-associated US RNA copies were determined and normalized to the cell-associated copies. Bar graph presents packaging efficiency, defined as: US RNA copies in equivalent extracellular Gag. WT is set as 100% and error bars and P values document differences from the treatment groups are statistically significant. mGA#2 is positioned in proximity to nucleotide pairings in the core encapsidation signal (Supplementary Figure S2) , the mutations likely diminish interaction with Gag and possibly other components of genomic RNP.
In sum, the GA-motif mutations interfere with early and late events in HIV replication that account for the attenuated replication of mGA viruses ( Figure 2B ). We posit that the fundamental basis for this mechanism is upregulated alternative splicing, which is regulated by cellular RNAbinding protein(s) recruited during transcription. Previously, RNA affinity-coupled proteomics of HIV, SNV, and RSV 5 UTRs identified some of the same nuclear RNAbinding proteins, consistent with a conserved molecular basis for post-transcriptional expression (25) . We sought to identify the cellular proteins that recapitulate the phenotype observed in the GA#1 and GA#2 loss-of-function mutants.
The SFPQ/PSF binding to unspliced RNA is abrogated by mutation of the GA-motifs
Of fifty-eight proteins identified in the prior 5 UTR proteomic analysis, three are splicing regulatory factors already known to modulate HIV Gag production: SRSF1, SRSF10 and SFPQ/PSF (25) . SRSF1 binds GA-sequence motifs in the HIV gag ORF and exon splicing enhancer 3, which modulates splicing (26) (27) (28) . Further, SRSF1 competes with Tat to bind the HIV transactivation responsive region (TAR) in the first 58 nucleotides of the HIV 5 UTR (28). SRSF10 regulates the alternative splicing of HIV (28, 29) . SFPQ/PSF is involved in Rev/Rev-responsive element-dependent expression of HIV RNA through an interaction with sequences in the 5 intron (30, 31) . Given these established roles for RNA-binding proteins, we investigated activity in context of the 5 UTR. To begin, we carried out HIV RNA co-immunoprecipitation assays (RIP) to establish whether endogenous SFPQ/PSF, SRSF1 or SRSF10 co-precipitated HIV WT RNA and any differential binding attributable to mGA#1 and 2.
HEK293 cells were transfected with the HIV molecular clones for 24 h, washed with PBS and treated with RIPA buffer containing protease inhibitors. IgG or specific antiserum was conjugated to magnetic beads and incubated at 4
• C with lysates for 2 h. The conjugated immune complexes were washed four times with cold RIPA buffer. RNA was extracted from the isolated immune complexes, and the input lysates and subjected to RT-qPCR with HIV-specific primer pairs. We measured the difference in US RNA copies in the immune complexes over the matched IgG controls.
Western blotting of the input samples verified the presence of each RNA-binding protein in the cell lysates. The IP samples demonstrated enrichment of SFPQ/PSF, SRSF1 and SRSF10 immune complexes by the specific antibodies and not the IgG negative control (Figure 4 , representative of three experiments). Previous HIV studies had documented the co-localization of SFPQ/PSF with p54nrb (NONO) and implicated a significant role for these proteins in nuclear retention (32) . Consistent with those results, western blot with anti-p54nrb demonstrated IP of SFPQ/PSF and p54nrb heterodimer (Figure 4) . IPs of SRSF1 and SRSF10 did not exhibit association with p54nrb. Table 1 summarizes the results of three experiments measuring the copies of WT or mGA#1,2 US RNA enriched in each immune complex relative to IgG controls. The SFPQ/PSF IP significantly enriched WT RNA compared with mGA#1,2 RNA (P ≤ 0.01). For the SRSF1 and SRSF10 precipitates, no significant enrichment of WT RNA over the mGA#1,2 RNA was observed (P ≤ 0.4). Taken together, these results demonstrate SFPQ/PSF binds HIV US RNA. This binding is sensitive to mGA#1,2. By contrast, SRSF1 and SRSF10 bind HIV US RNA and are not sensitive to m#GA1,2. Hence, we prioritized SFPQ/PSF for further study.
The in vitro binding of SFPQ/PSF to the HIV 5 UTR is disrupted by GA-motif mutations Previously HIV US RNA was observed to bind SFPQ/PSF through sequences in the gag ORF, while the 5 ss and flanking sequences were deleted (30, 33, 34) . We sought to verify direct interaction between the 5 UTR and SFPQ/PSF, positing that mGA#1,2 mutation could disrupt this interaction. First, we synthesized WT and mGA-5 UTRs (+1-356) using T7 RNA polymerase. We purified recombinant (r) human SFPQ/PSF, SRSF1 and SRSF10; the latter two served as negative controls. Protein purity was demonstrated by SDS-PAGE ( Figure 5A ). Gel-filtration chromatography recapitulated previous in vitro results that rSFPQ/PSF forms homodimers (Supplementary Figure S3) (35) . Each HIV 5 UTR was incubated at a 1:3 molar ratio with recombinant protein in EMSA binding buffer at room temperature for 1 h. The RNA-protein complexes were resolved by native gel electrophoresis in 1% agarose. We observed robust electrophoretic mobility shifts of WT RNA by rSFPQ/PSF, rSRSF1 and rSRSF10 ( Figure 5B , Supplementary Figure  S4A and B). The shifts were abrogated by heat inactivation of each protein (designated by ). The incubation of SRSF1 or SRSF10 with the mGA#1, mGA#2 or mGA#1,2 UTR produced robust mobility shifts ( Supplementary Figure S4A and B) . On the other hand, SFPQ/PSF did not shift mGA#1, mGA#2, or mGA#1,2 RNA ( Figure 5B ). These results indicate that GA-motifs, alone or in combination, are necessary for direct binding of SFPQ/PSF homodimer to the HIV 5 UTR ( Figure 5B ). In agreement with the RNA IP of HIV RNA in cells, SFPQ/PSF binds directly to the HIV 5 UTR through an interaction that is sensitive to these GA mutations, whereas SRSF1 and SRSF10 recapitulate in vitro binding that is insensitive to GA mutations. We proceeded to conduct a cell-based analysis of SFPQ/PSF activity on the post-transcriptional expression of HIV unspliced and alternatively spliced RNAs.
Because previous studies had reported that overexpression of SFPQ/PSF increases MS RNAs and reduces US RNA (30), we sought to validate these observations using our RT-qPCR assay. We also evaluated overexpression of SRSF1 or SRSF10 because previous studies observed this overexpression to increase US transcripts and reduce SS and MS RNAs (26, 27) . HEK293 cells were transfected for 24 h with molecular clones and plasmids encoding epitope-tagged SRSF1, SRSF10, or SFPQ/PSF. Cells were collected, lysed in RIPA buffer, and subjected to immunoblotting to evaluate levels of the FLAG-tagged proteins and Gag ( Figure 6A ). Gag ELISAs on the cell lysates and cell-free supernatant fractions were used to quantify Gag expression ( Figure 6B ). The RT-qPCR with HIVspecific primers (US, SS, and MS) was performed to quan- Figure 4 . RNA-protein co-precipitation enriched SFPQ/PSF-p54nrb heterodimer. RNA co-immunoprecipitation (IP) was conducted, and RTqPCR measured the unspliced WT and mGA#1,2 HIV RNA association with SFPQ/PSF, SRSF1, SRSF10 and whether or not SFPQ/PSF coprecipitated p54nrb. HEK293 cells transfected with HIV WT or GA#1,2 molecular clones. Cells were washed, cell contents were harvested in RIPA, and nuclei were removed by centrifugation. Lysates were incubated with magnetic beads conjugated with IgG or antiserum to either SFPQ/PSF, SRSF1 or SRSF10 for 2 h at 4 • C. The beads were washed four times in RIPA and RNA was extracted, or bound proteins were eluted and immunoblotted.
tify the steady state of HIV RNAs. From these experiments, we observed that exogenous expression of FLAG-SFPQ/PSF reproducibly reduced the numbers of US and SS HIV transcripts, which are Rev/RRE-dependent, and increased abundance of MS RNAs, which are Rev/RREindependent ( Figure 6C ) (Supplementary Table S2 ). In contrast, SRSF1 and SRSF10 increased the US isoforms and reduced both SS and MS transcripts. Our qPCR results recapitulated that SFPQ/PSF overexpression acts on the pool of HIV transcripts susceptible to Rev/RRE transactivation, influencing metabolism at a step downstream of pre-mRNA processing (30, 26) .
Next, we infected Jurkat T-cells with equivalent aliquots of Gag p24 using spinoculation. Twenty-four hours later, supernates were collected and screened by Gag ELISA. The virions from mock-transfected or FLAG-SFPQ/PSFtransfected cells exhibited equivalent infectivity. By comparison, FLAG-tagged SRSF1 or SRSF10 diminished virion infectivity ( Figure 6D ). These experiments showed that exogenous SFPQ/PSF affected early, but not late, events in viral replication. By contrast, SRSF1 and SRSF10 altered both RNA expression and virion infectivity in the Jurkat target cells. These results reinforce the qualitative differences between SFPQ/PSF and the SRSF1 and SRSF10 RNA-binding proteins on HIV RNA.
Balanced expression of HIV RNA isoforms is abrogated by SFPQ/PSF downregulation
RNA interference by shRNA expression plasmids was used to downregulate SFPQ/PSF in HEK293 cells. Twenty-four Figure 4 ). The IP reactions were extracted in TRIzol and co-precipitated RNAs were subjected to RT-qPCR. The US RNA copies were determined relative to standard curves and normalized to Input RNA copies. The reported values are the difference between RNA copies in the IP and IgG negative control. The ratios measure enrichment in co-precipitated WT RNA compared to mGA#1,2 RNA. *P ≤ 0.05, Significant difference from ratio of SFPQ/PSF. (30, 45) , SRSF1 (28 kDa) and SRSF10 (37 kDa) were expressed in Escherichia coli, purified using Ni-NTA followed by gel-filtration chromatography (Supplementary Figure S3) , resolved by electrophoresis on SDS-polyacrylamide 4-15% gradient gels (Bio-Rad), and stained by Coomassie Brilliant blue. EMSAs were performed on WT, mGA#1, mGA#2, mGA#1,2 in vitro-transcribed synthetic RNA using native or heat-treated recombinant polypeptide (Supplementary Figure S3 ). (B) Using EMSA, rSFPQ/PSF protein bound to WT, but not to mGA#1, mGA#2, or mGA#1,2. EMSA was performed using synthetic WT, mGA#1, mGA#2, or mGA#1,2 RNAs (+1-356) and 1:3 molar equivalents of recombinant SFPQ/PSF that was native or heatinactivated, incubated with the DNA probe for 1 h at room temperature, resolved in 1% agarose, and visualized with ethidium bromide and ultraviolet light.
hours post-transfection, cell lysates were harvested for western blotting and extraction of cellular RNA for RT-qPCR with sfpq/psf and gapdh gene-specific primers. Western blotting documented SFPQ/PSF protein was downregulated ( Figure 7A ) and RT-qPCR verified sfpq/psf mRNA was (C) RNA preparations were subjected to cDNA preparation, followed by qPCR with HIV-specific primers. RNA abundance (copy number) was determined based on standard curves generated with cDNA from HIV-infected cells. (D) Jurkat cells (1 × 10 6 ) were infected in a 12-well tissue culture plate with equivalent cell-free Gag (5 ng) supernates derived from Figure 6B using spinoculation for 2 h, washed twice in RPMI medium, and cultured for 24 h. The cell-free media were collected from the cultured cells and subjected to Gag ELISA. downregulated relative to the gapdh control (Supplementary Figure S5A ). Results of five experiments documented statistically significant downregulation of SFPQ/PSF RNA (Supplementary Figure S5A) . These cells were transfected with HIV molecular clones with or without GFP-PSF expression plasmid. After 24 h, cell lysates were harvested, and samples prepared for immunoblotting or RT-qPCR ( Figure  7A, Supplementary Figure S5A) . Immunoblotting with SFPQ/PSF ( Figure 7A ) ascertained endogenous SFPQ/PSF was downregulated and rescued through exogenous expression of GFP-PSF (PSF rescue). Fluorescence microscopy documented the transfection were efficient (Supplementary Figure S5B) . Gag production from WT was significantly reduced by SFPQ/PSF downregulation to a level similar to the mGA#1, #2 or #1,2 molecular clones absent the SFPQ/PSF depletion ( Figure  7B ).
WT Gag levels were completely rescued by exogenous GFP-PSF, whereas mGA#1, #2 or #1,2 were nonresponsive ( Figure 7B ). The RNA analysis documented similar trends between the molecular clones; SFPQ/PSF downregulation significantly reduced WT US and increased SS and MS transcript to levels similar to mGA#1, #2 or #1,2 (Figure 7C) . Physiologic expression of GFP-PSF completely restored balanced expression in the WT molecular clone, whereas mGA#1,2 or #1 or #2 were nonresponsive ( Figure  7C ). Statistical analysis of replicate experiments results documented strong significance to the conclusion SFPQ/PSF downregulation and rescue recapitulated the activity of mGA molecular clones (Supplementary Table S3 ). The results of the WT molecular clone recapitulated those of Kula et al. (31) , indicating SFPQ/PSF depletion acts on HIV premRNA processing.
To analyze HIV RNA packaging efficiency, the cell-free medium from these virus-producing cells was collected. Gag ELISA was performed to determine sample volumes having equivalent Gag p24 ( Figure 7B ). Samples containing equivalent amount of Gag were centrifuged on 20% sucrose to collect virions to extract RNA for RT-qPCR and the virion-associated US RNA copies were determined and normalized to the cell-associated copies (from Figure 7C) . SFPQ/PSF downregulation did not change the packaging efficiency of WT RNA. While the exogenous expression of GFP-PSF was sufficient to rescue the copies of WT RNA in cells, packaging efficiency remained similar to control (Figure 8A) . The mGA#1, #2 and #1,2 HIV RNA packaging efficiency was reduced to ∼20% and remained the same during SFPQ/PSF depletion or rescue ( Figure 8A ) and recapitulated the results of Figure 3C .
Equivalent aliquots of the virus analyzed in Figure 7B (5 ng Gag p24) were used to infect MT-4 cells by spinoculation for 2 h. The cells were washed twice and then cultured in fresh medium. Virus growth was measured after 48 h by Gag ELISA of cell-free medium. As shown in Figure 8B , the growth of WT virus that was generated in cell experiencing SFPQ/PSF downregulation was as infectious as WT control, indicating SFPQ/PSF activity in producer cells does not inhibit late steps in HIV replication. In agreement with the viral growth curves in Figure 2B , the mGA#1, mGA#2, and mGA#1,2 virions had poor infectivity ( Figure 8B ), which is attributable to deficient packaging of virion RNA.
The SNV GA-motifs recapitulate activation of unspliced RNA and direct binding to SFPQ/PSF
Given the conservation of similar GA-motifs between HIV and other retroviruses, we sought to characterize their activity in another representative retrovirus. For this purpose, we chose SNV because previous studies described 5 UTR deletions that produced log reductions in virus titer on D17 cells that were only partially explained by deficient SNV RNA packaging (15) . We introduced deletions to the SNV 5 UTR and the molecular clones were propagated in D17 cells. We evaluated Gag protein using immunoblot. As shown in Figure 9A , the deletions overlapped GA-motif 1 ( 165) or GA-motif 2 ( 300) and derivative 300+Rescue was constructed to determine whether or not 300 is rescued by GA-motif 1. Figure 7 . Downregulation of SFPQ/PSF attenuates retention of HIV US RNA, which is rescued by the exogenous expression of SFPQ/PSF. HEK293 cells were transfected with a plasmid encoding SFPQ/PSF shRNAs for 24 h, and then they were co-transfected with a GFP-PSF expression plasmid (PSF rescue) (30) and pNL4-3 WT or mGA#1, #2 or #1,2 molecular clones. Cells and cell-free medium were harvested for lysate preparation and RNA isolation. Statistical significance: ***P ≤ 0.001. Dots are values from the individual experiments. (A) Representative immunoblot using antiserum to SFPQ/PSF or GAPDH on equal amounts of cell lysate subjected to SDS-PAGE and transfer. (B) Gag ELISAs on cell lysate and cell-free medium samples were executed and the values derived from the standard curve is presented. The percentage of cell-free Gag relative to total Gag was similar among the samples, indicating no difference in viral particle release. Data indicate the mean of three independent experiments with standard error. (C) RNA preparations from the transfected cells were subjected to reverse transcription with random hexamers and qPCR with primers specific to unspliced (U), singly spliced (S), or multiply spliced (M) HIV cDNA. RNA standard curves were generated using cDNA from HIV-infected cells using each primer set. The shRNA downregulated samples are designated by red borders on the bars, and downregulation and transfected rescue plasmid have green borders. Bars indicate the mean of five (WT, PSF KD, PSF Rescue and mGA#1, mGA#2 and mGA#1,2) or three (mGA-PSF KD and mGA-PSF Rescue) independent experiments.
Given uneven transient transfection efficiencies in these cells, we selected permanently transfected cells for further experimentation. SNV copies were normalized using PCR with gag-specific primers. SDS-PAGE gels were loaded with samples containing equivalent gag copy numbers in 3-fold dilution series, and anti-eGFP antiserum was used to verify expression of the eGFP-tagged Gag structural protein ( Figure 9B ). The SNV WT cell lysates validated robust Gag production. Compared to WT, 165 and 300 exhibited weak Gag production; the dilution series indicated a reduction by a factor of ≥9. In the case of 300+Rescue, robust Gag production was restored to levels similar to WT. Based on results of replicate experiments, we concluded that the SNV GA#1 motif is functionally redundant with the SNV GA#2 motif. We posited the SNV GA-motifs recapitulate the binding to SFPQ/PSF and activate retention of SNV transcripts in the US form.
Nucleic Acids Research, 2018, Vol. 46 , No. 14 7375 Figure 8 . Downregulation of SFPQ/PSF does not hinder genomic RNA packaging or infectivity of HIV GA#1, #2, or #1,2 viruses. HEK293 cells were transfected with sfpq/psf shRNA plasmid or mock control for 24 h, and then they were co-transfected with GFP-PSF or mock expression plasmid and pNL4-3 WT or mGA molecular clones for 24 h. Cell-free supernatant fractions were filtered and normalized to Gag equivalents. Virions were collected by centrifugation on 20% sucrose. Virion RNA was extracted using TRIzol and subjected to RT-qPCR using primers specific to unspliced (US) HIV RNA and the virion-associated US RNA copies were determined and normalized to the cell-associated copies. Data from samples receiving shRNA are designated by red borders on the bars; samples treated with shRNA and rescue plasmid have green borders. Results present the mean ± standard error of three independent experiments. Statistical significance: *P ≤ 0.05, ***P ≤ 0.001. ND: Experiments not done. (A) RNA was isolated from virions and subjected to RT with random hexamers, followed by qPCR with HIV-specific primers. US HIV RNA copies were determined using standard curves, and packaging efficiency was determined by normalization of virion RNA to the cell-associated copies (n = 5: WT, PSF KD, PSF Rescue and mGA#1, mGA#2 and mGA#1,2; n = 3: PSF KD and PSF Rescue for GA mutants). (B) The cell-free medium from producer cells containing equivalent Gag (5 ng) was incubated with MT-4 lymphocytes by spinoculation for 2 h, and then the lymphocytes were washed twice. After 48 h, the infections were monitored by Gag ELISA of MT-4 culture media.
The EMSA examined direct binding between rSFPQ/PSF and the SNV 5 UTR. SNV WT (+1-602) exhibited robust mobility shift upon binding to rSFPQ/PSF, which was eliminated by heat inactivation of the recombinant protein (Supplementary Figure S6A,  lanes 1-3) . SNV 165 or SNV 300 transcripts containing either one of the GA-motifs did not shift upon addition of rSFPQ/PSF (Supplementary Figure S6A, lanes 4-9) , whereas 300+Rescue exhibited the robust shift of WT sequence (Supplementary Figure S6A, lanes 10-12) . These data suggest that SFPQ/PSF binds the SNV 5 UTR, and that the GA-motifs are critical to this interaction.
To precisely evaluate the SNV GA-motifs, we generated in vitro transcripts with targeted substitutions: GAmotif 1 (mGA1), GA-motif 2 (mGA2), GA-motif 1 and Protein aliquots standardized to SNV copy number were serially diluted 3-fold, loaded to immunoblots that were incubated with GFP antiserum. (C) HEK293 cells were transfected with SNV WT or mutant clones. Twenty-four hours post-transfection, RNA was isolated and subjected to RT-qPCR with SNV-specific primers to detect unspliced and spliced transcripts. The RNA copies were calculated using a standard curve generated from cellular cDNA. Bars and error bars represent the mean ± standard error, calculated on the log scale and converted back. Small circles indicate the values from individual experiments.
primers to measure the US RNA and spliced transcripts, respectively. Three independent experiments were performed, the average and standard error were calculated; robust statistically significant differences from WT were identified (Supplementary Table S4 ).
The US RNA was detected at higher levels for WT than for 300 ( Figure 9C ). The spliced transcripts were more abundant in 300 than in WT ( Figure 9C ). 300+Rescue restored the US RNA and spliced RNAs to the levels observed for WT. These results account for the diminished Gag production observed in Figure 9B . Each of the GAmotif mutants exhibited diminished US RNA and more abundant spliced RNA at levels similar to those of 300 ( Figure 9C ). From these data, we conclude that the SNV GA-motifs are required to retain US RNA at WT levels. Deletions or substitution of the GA-motifs significantly reduces Gag, the major virion structural protein. Our results add to the previous characterization of SNV vector RNAs experiencing severe replication defects (15) . Deletions that include the GA-motifs downregulate SNV US RNA, the production of virions, and gRNP packaging, which taken together, account for the log-reduction observed in vector virus titer (15) .
In sum, SNV and HIV GA-motifs are necessary to activate retention of US transcripts, and mutation of these motifs is sufficient to derepress alternatively splicing. From these data, we conclude that the phylogenetic analysis and functional analysis of two representative retroviruses has identified a common molecular basis activating the US genome-length RNA.
DISCUSSION
Retroviruses balance the relative amounts of alternatively spliced primary transcripts with US transcripts, but a conserved mechanism or primary sequence regulating this fundamental property remain unknown. We have identified nearly invariant GA-motifs on both sides of the 5 ss in several retroviruses and used phylogenetic reconstruction of ∼400 unique HIV isolates from patients to guide sitedirected mutagenesis of two representative retroviruses. The evidence provided here indicates the GA-motifs regulate the balance of primary transcripts that become spliced or are retained in the US form.
SFPQ/PSF protein binds directly to the 5 UTR sequences of HIV and SNV in a manner dependent on the GA-motifs. Downregulation of SFPQ/PSF recapitulates the phenotype of the GA-motifs mutants. The quantitative comparisons of US, SS and MS mRNA demonstrated SFPQ/PSF acts on the HIV primary transcript upstream of RRE/Rev activity; depletion reduced US and increased SS and MS RNAs. On the other hand, overexpression of SFPQ/PSF perturbs a step downstream of pre-mRNA processing. Because of the high sensitivity afforded by the quantitative RNA analysis, the results have resolved fundamentally different outcomes of depletion or exogenous expression of SFPQ/PSF previously observed (30, 31) . SFPQ/PSF is conserved in the natural hosts of the seven retroviruses investigated here (Supplementary Figure S7) . The alignment of SFPQ/PSF from human, chimpanzee, macaque, bovine, murine, feline, and avian species revealed that the RNA-recognition motifs (RRM) (RRM1: 297-369 aa; RRM2: 371-452 aa) and C-terminal domain are highly conserved (Supplementary Figure S7) . Extensive cell-based and biophysical studies have determined that SFPQ/PSF can exist as a homodimer or as a heterodimer with p54nrb (35, 36) . Well-characterized, the SFPQ/PSF homo-and hetero-dimers form with high affinity between the RRM2 of one monomer and the NOPS domain of the other monomer (35) . While the results of gel-filtration chromatography show rSFPQ/PSF exists as a homodimer, the SFPQ/PSF immunoprecipitated from cells is heterodimeric with p54nrb/NONO (Figure 4) . Because impaired polypeptide dimerization is caused by NOPS domain truncation (35) , future experiments to disrupt this interface are expected to downregulate HIV gene expression at the posttranscriptional level.
SFPQ/PSF activity implicates a role for HIV RNA in paraspeckles
SFPQ/PSF regulation of HIV RNA was first documented by Felber and colleagues (30) . In that study, SFPQ/PSF was demonstrated to bind the gag ORF. Mutation of adenosine and uridine nucleotides diminished this binding, leading to the designation of instability sequences, which contribute to Rev/Rev-responsive element (RRE)-dependence of the US and SS HIV RNAs. However, the test RNAs lacked the 5 ss and flanking residues, inclusive of GA-motif 2 (30, 33, 34) , and a role for SFPQ/PSF in activating the retention of HIV US transcripts was not investigated. Because other studies have demonstrated a role for SFPQ/PSF in activating nuclear retention of adenosine-rich RNAs (31, 32, 37, 38) , the current findings warrant additional experiments to reconcile the role of SFPQ/PSF binding at the 5 UTR or within the gag ORF.
SFPQ/PSF RNPs accumulate in paraspeckles, which are nuclear bodies that become disaggregated during cell cycling, treatment with actinomycin D, or downregulation of long noncoding RNA NEAT1 (39, 40) . Given that cell division is a requirement for productive replication of genetically simple retroviruses (41) , and NEAT1 downregulation (42) or actinomycin D (43) abrogate Rev/RRE activity, an ancillary role for paraspeckles in retention of retroviral US transcripts is a valid aim for future experiments. Further, experiments addressing whether crosstalk is required between SFPQ/PSF bound at 5 UTR and the gag ORF may also hold merit. We speculate the retroviral GA-motifs and the cognate RNA-binding protein described in this study provide the foundation for complete understanding how retroviruses subvert post-transcriptional control by cellular RNPs.
